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Abstract The capability of a thin slab of Yb3+:LSO to be
tuned within a Q-switched cavity is demonstrated in a range
of laser wavelengths from 1052 to 1065 nm. Using a side-
pump architecture, to create a linear gain-stripe in the crystal
of which the dimensions can be finely controlled, we gener-
ate 50 to 150 ns-wide pulses in the range 1–5 mJ. These
experimental data are fitted with the theoretical predictions
by means of comprehensive modeling. Our model involves
all the relevant parameters for the discussion of energetic,
spectral and spatial issues of interest to evaluate the potential
of this quasi-three-level material in the field of broadband
regenerative amplification. Thanks to pure homogeneous
broadening, this finally helps us to size a consistent pump
design dedicated to the amplification of broad-bandwidth
pulses up to a few milli-joules near 1053–1056 nm, the range
of wavelengths involved in ICF.
PACS 42.60.Fc · 42.60.Gd · 42.55.Xi · 42.55.Rz
1 Introduction to Yb3+:LSO and the issue
of broadband amplification
The field of the short-pulse sources to be coupled with
high-energy lasers, such as those dedicated to the search
of Inertial Confinement Fusion (ICF), has lead a number
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of developments regarding the pre-amplification of broad-
bandwidth nanosecond-wide pulses [1, 2]. The involved
range of wavelengths and energies are 1053–1056 nm and a
few millijoules. Most of these sources make use of laser con-
figurations referred to as Optical Parametric Chirped Pulse
Amplification (OPCPA). The OPCPA technique makes pos-
sible efficient optical performance, but it suffers from com-
plexity. Direct pre-amplification with the help of broad-
band regenerative amplifiers, using ytterbium-doped mate-
rials, could be another option in the search of more robust
and less expensive architectures. Among the large variety
of existing materials, Yb3+:Lu2SiO5 (LSO) [3] has been
identified as one of the most promising crystals. LSO ben-
efits from relatively large emission cross-sections [4, 5] in
the vicinity of 1053–1056 nm, in relationship with intrinsic
broadband capabilities. Furthermore, the thermal conductiv-
ity, KLSO = 5.3 Wm−1 K−1, lies in the same range of values
as that of Yb3+:YAG, KYAG = 6.5 Wm−1 K−1, and it is less
sensitive to the increase of doping levels. To our knowledge,
nowadays, LSO and other ortho-silicate materials [6] have
essentially been considered in Continuous-Wave pumping
(CW) and CW laser action [7, 8], or CW mode-locking
to generate low-energy ultra-short pulses [9]. Beyond CW
pumping and the related laser operations, Quasi-Continuous
Wave (QCW) pumping and low duty-cycle amplification
may also help to produce more energetic pulses. Then, QCW
operations may take advantage of higher available pump-
powers and energy-storage capabilities in the material, to
build high-gain regenerative amplifiers. A number of broad-
band regenerative amplifiers involving ytterbium-doped ma-
terials have already been demonstrated. References of inter-
est can be found with Yb3+:YAG [10, 11], Yb3+:YLF [12],
Yb3+:glass [13, 14], Yb3+:SYS [15], Yb3+:KYW [16],
Yb3+:GYSO [17] or with Yb3+:CaF2 [18]. But the emis-
sion cross-sections of these materials near 1053–1056 nm
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remain lower than that of LSO by a factor of 5 to 10. Consid-
ering the potential of the crystal despite the specific wave-
length requirements for ICF, it is remarkable that no sig-
nificant work has been published yet with LSO. The first
step prior to a complete demonstration of broadband am-
plification, which could be based on the use of the configu-
ration referred to as Chirped Pulse Amplification (CPA), of
which the implementation is still beyond the scope of this
paper, consists of Q-switching. Combining Q-switching and
wavelength-tuning, we can benefit from any of the required
conditions to evaluate the full broadband amplification ca-
pabilities of the material, up to the saturation of the gain.
The aim of our paper is to relate the experimental results
to proper modeling, versus the spectroscopic data, making
possible sizing any single pulse amplifier. From the view-
point of basic physics, thanks to pure homogeneous broad-
ening effects in Yb3+:LSO, broadband regenerative ampli-
fication can be directly tied to wavelength-tuning. So, this
work aims to demonstrate the capability of the material to
produce nanosecond pulses with millijoule energies in the
1050–1065 nm wavelength range, while considering spec-
tral bandwidth of 10 nm or more pulses, exploring a consis-
tent tuning range.
In the first step, we remember the expressions of the mea-
surable parameters to characterize a given pulse from basic
Q-switching, taking advantage of the analogy between the
processes of Q-switching and of regenerative amplification.
This is done by integrating the standard rate equations re-
lated to quasi-three-level materials and the role of each of
the involved data can be clearly identified during the se-
quence of pulse build-up. This leads to fairly simple rela-
tionships for relating the theoretical and measurable para-
meters of the output pulse from a regenerative cavity. In the
second step, we implement more comprehensive broadband
modeling, using the complete spatial, spectral and temporal
data from the cavity in connection with the spectroscopic
data of the material. Our purpose consists of the predic-
tion of the theoretical performance to be expected from a
given laser configuration, i.e., the pump geometry and the
architecture of the amplifier or Q-switched cavity. A num-
ber of modeling results will be provided for a large range of
laser wavelengths. The presentation of the experimental set-
up for Q-switching then consists of the third step, together
with measurement results. We use of a very simple grating-
based multi-mode cavity design and Q-switching is expe-
rienced in combination with wavelength-tuning. The pulse
repetition frequency is 1 Hz for avoiding thermal effects in
the material. Our side-pump configuration involves a unique
high-power diode-stack and a thin slab of Yb3+:LSO. In the
last step, we discuss the consistency of theoretical predic-
tions and experimental data for fitting the results within the
attainable range of wavelengths. The validation of the model
also helps us to explore a few possible directions for the op-
timization of the pump design, versus actual sizing limita-
tions.
2 Involved parameters and performance modeling
Let us consider the saturated amplification for the generation
of millijoule pulses, in combination with up to 10 nm-wide
optical bandwidths. The most easy-to-implement regenera-
tive configuration to generate nanosecond-wide pulses con-
sists of Q-switching. As compared with a true regenerative
amplifier, the main limitation of a Q-switched cavity con-
sists of the lack of any independent control, regarding the
starting sequence from the Amplified Spontaneous Emis-
sion (ASE)-induced noise. In other respects, Q-switching
will provide all the essential experimental data to verify and
discuss the expected laser performance of the material. This
is right for energy-storage, gain saturation and broadband
amplification if the laser wavelength can be tuned at discre-
tion. Two primary sizing data must be considered: the pump-
ing rate (k), as the ratio of the actual pump power to the
threshold pump power (Ppump), and the saturation energy
density (Ppump_th) of the material near the peak emission
wavelength. The saturation fluence is Fsat = hcλσeL , where
h and c are the Planck constant and the light velocity, λ
is the wavelength and σeL is the emission cross-section.
Then, for Yb3+:LSO, Fsat = 23 J cm−2 at λ ∼ 1060 nm. The
processes of Q-switching and regenerative amplification can
be described a simple way versus k with the help of a few
basic relationships, which involve the value of peak output
energy to be extracted [11] and the corresponding build-up
time of the pulse. The amount of available output energy
depends upon k and three other specific parameters, as de-
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where Sbeam is the beam cross-section, lstrip and L are the
active material and the cavity lengths, respectively, β = σaL
σeL
is the ratio of the absorption and emission cross-sections
at the laser wavelength. ξ = 2σaLNtot Lγopt is the ratio of the
re-absorption losses inside the material itself to the optical
losses in the cavity, γopt. The principle of the calculations
leading to (1) involves a set of simplified rate equations,
using a basic representation of the material by means of a
quasi-three-level energy diagram. The derivation of the out-
put energy at the peak of the so-called Q-switched envelope
helps to account for the saturation of the gain resulting from
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regenerative amplification and the definitions of k and Fsat.
The energy transfer characteristic of a Q-switched laser de-
sign can be determined by a simple way from (1) by rang-
ing k, assuming a simple determination of ξ and β from
the spectroscopic data at the peak laser wavelength λ. Two
additional equations can also be used to depict the build-
up time of the related pulse and the small-signal gain. The
build-up time will consist of an easy-to-measure data, for
the evaluation of the performance given a particular regen-
erative amplifier or Q-switched cavity. The number (N) of
round-trips within the amplifying cavity is connected to the
build-up time by Tc = 2N Lc , where
Tc = 4L
















In (2), γ = ln( 1
Rcoupler
)+γopt figures in the total optical losses
inside the cavity, as a result of output coupling and internal
optical absorption in excess of the re-absorption from the
material. FASE is the starting spectral-noise intensity due to
the fraction of contributing ASE contained within the mode
volume of the cavity, and k is the mean inversion ratio over
the lasing threshold.
In (3), hνpump, Tpump, Ppump_abs, Vpump, and Ntot are the
pump photon energy, the pump pulse duration and the ab-
sorbed peak power from the pump, the pump volume and
the doping level. The actual value of FASE within the com-
plete amplification bandwidth (ν = 100 nm) can be es-
timated using the product of the basic photon energy con-
tained within a given mode cavity (hνν) by the total num-
ber of modes (M) oscillating in the cavity. Representative
conditions related to our forthcoming experiments imply
M ∼ 30 to 50 modes. The spatial overlap between the pump
and the amplifying cross-sections ranges from 40 to 60%,
the value of FASE within the complete spectral bandwidth
of interest is on the order of 2 to 4 mW cm−2. The pump
power at the threshold is governed by the optical losses and





2(σeL + σaL)lstripe , (4)
where ηtransfer is the pump transfer efficiency from the stack
to the gain-stripe. Regarding the effectiveness of (1)–(4) in
the comparison of the measured and the estimated values of
output-energy and build-up time, we essentially need to put
numbers on the spatial overlap between the mode volume of
the cavity, and on the proper theoretical amount of ASE. Re-
garding the basics of gain tuning, (2) also helps to remember
that Q-switching remains a worst case when compared to the
process of regenerative amplification. Actually, the build-up
time of the Q-switched pulse is governed by the integrated
spectral density of ASE power contained within the spectral
bandwidth of the cavity. This implies that the process of am-
plification starts from quite a low value of input energy.
The spectral variations experienced by the emission
cross-section of Yb3+:LSO, which is denoted by σe(λ), have
been computed using the measured absorption and fluores-
cence spectra. The computations are based on reciprocity
methods, and Futchbauer–Ladenburg procedures towards
the longer wavelengths. The variations in the measured ab-
sorption and emission cross-sections [11], σe(λ) and σa(λ),
are given in Fig. 1, along the three axes of the crystal. They
reveal a large anisotropy. Starting from λ = 1060 nm, the
location of the most efficient laser wavelength in the range
of interest for amplification, the quasi-three-level scheme
tends to match a nearly four-level scheme towards the longer
wavelengths. Accounting for the re-absorption effects, the
most efficient tuning range to be expected then ranges from
1050 to 1080 nm, typically. It can also be seen that the
unique polarization of interest lies in the plane of the X
axis.
In Fig. 2, we present the evolution of the spectral cross
section versus the inversion ratio, following the X polariza-
tion. A very broad emission bandwidth is evidenced, which
is consistent with the demonstration of pulses as short as
120 fs by mode-locking [19]. The zero line at 978 nm ex-
hibits the larger absorption cross-section (σaP = 4.76 cm2).
Nevertheless, as the lower sublevel of the excited state is
thermally populated, the inversion rate accessible is low
compared to the one for shorter pump wavelengths. Then
we use a pump wavelength and a pump pulse duration of
935 nm and 1 ms, respectively. As indicated in the bottom
section of Fig. 1, a good approximation of σe(λ) is given by:
σe(λ) = σo exp
[










The numerical values of λo and λo are 1000 nm and
100 nm, while those of the different λi , their related line-
widths λi and intensities ki are specified in Table 1. The
different Lorentzian envelopes help us to match the dif-
ferent sites in the energy distribution of ytterbium. In (5),
σo = 1.1 × 10−20 cm2.
In the vicinity of λ = 1060 nm, (1)–(4) provide rele-
vant orders of magnitude and help us relate the variations
in the Q-switched or amplified pulse a simple way to mea-
surable parameters. But the accurate description of compet-
ing broadband amplification and re-absorption effects, in-
side the material itself, needs to be verified using more com-
prehensive modeling with the help of more complex numer-
ical tools. By means of high resolution sampling, both in
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Table 1 The wavelength λi , their related line-widths λi and intensities ki for the analytical fit of (5)
Wavelength (nm) 978.6 991.5 993 1002 1010.5 1020 1032.5 1043.4 1057 1084
Line width (nm) 3.4 3.8 20 7 7 7 8 5 8 7
Coefficient ki 0.52 0.37 0.2 0.35 0.2 0.15 0.58 0.38 0.97 0.55
Fig. 1 Absorption (a) and emission (b) cross-sections for the three op-
tical axis of Yb3+:LSO and analytical fit of the emission cross-section
following the X axis (c) to implement numerical calculations
Fig. 2 Evolution of the spectral cross section versus the inversion ratio
the spatial and the spectral domains while accounting for
a precise description of the pump geometry, we attempt to
develop the calculations within the overall range of laser
wavelengths involved in Figs. 1 and 2. As a matter of fact,
due to the very small gain values, one can expect from the
small values of σe(λ), the actual pump geometry and the
spatial overlap with the modal volume will consist of crit-
ical issues. They need to be addressed with the tight pre-
cision, to be confident with the computed evolutions of the
linear and of the saturated gain distributions inside the ac-
tive area of the slab. We implement the dedicated model
in MIRO, a widely used numerical propagation code [20]
which is used for beam propagation within high-energy laser
architectures. MIRO also accounts for quasi-three-level sys-
tems. In particular, the related re-absorption effects can be
considered together with broadband spectral amplification.
The complete rate equations are solved numerically, start-
ing from the treatment of each contributing laser transition
across the involved multiplets in the energy diagram of the
material. The temporal and spectral scales involved during
the computations are sampled with the help of self-adaptive
sizing windows. Successive temporal slices propagate along
the slab of Yb3+:LSO to provide a consistent description
of the evolution of the instantaneous laser field inside the
material itself, in such a way that the spatial distribution of
the actual remaining energy after amplification in the slice
#N defines the input spatial distribution of the gain to be
available for slice #N + 1. The sequential passes during the
process of regenerative amplification are cascaded the same
way. Then, we can monitor the gain-narrowing effects step
by step in the presence of gain saturation, at the time of
occurrence of each amplification pass. True homogeneous
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broadening is assumed in the crystal, throughout the whole
100 nm-wide spectral fluorescence-bandwidth. Since the nu-
merical process consists of a pure propagating sequence, lo-
cal saturation effects due to spatial hole-burning cannot be
considered. Thanks to the mirror–slab spacing and highly
multi-mode operation, this will not be a problem. Further-
more, referring to physical limitations in our model, the
thermo-optical and thermal lens effects are put apart. But the
curvature radius of the rear reflector in the optical scheme
is selected in such a way that the stability domains of the
experimental set-up and of the figured cavity are about the
same. This means that both modal volumes are also about
the same, which will help to validate the comparison of the
calculated and the measured values of output energy.
Let us now get back to the Q-switching process itself.
We suppose that amplification is arbitrarily initiated from a
short temporal spike at a given energy and a given wave-
length. The spectral density in energy—or in peak power—
of the initial spike is described using (5). The wavelength-
normalization is made at the location of the peak σe(λ),
λ = 1060 nm. Provided a given λ, the energy of the spike
determines the build-up time to reach the saturation of the
gain. Regarding the neighboring wavelengths, the build-up
time will experience plus or minus large variations as a func-
tion of the variations in σe(λ). Since Q-switching actually
starts from the fractional part of ASE contained within the
mode volume and within the spectral bandwidth of the cav-
ity, as already underlined, we do not care for exact initial
conditions: The ASE rather looks like a continuous emis-
sion. However, thanks to the selection of a spike of which
the duration is shorter than the round-trip time, there will
not be any significant change in the computational results
of the spectral gain saturation features. Besides the tempo-
ral issues, we account for the actual distribution of optical
losses. We make use of a single Pockels cell, a polarizer and
a variable output coupling. The cavity length is L = 15 cm.
Considering a cavity length and an active cross-section of
the gain-stripe of 3 mm and 3 mm2, respectively, a num-
ber of modeling results are given in Fig. 3. When the inte-
grated value of the small-signal gain (Go) throughout the
gain-stripe is raised from 1.15 to 1.3 (top section), given to-
tal optical losses γ = 10%, the expected tuning range en-
larges from 1055–1065 nm to 1050–1070 nm. The intra-
cavity energy undergoes variations from 5 to 40 mJ, which
corresponds to output energies comprised between ∼0.5 and
nearly 5 mJ. The related build-up times and pulse widths
(Fig. 3(c)) vary, respectively, from 1 to 2 µs and 20 to 200 ns
FWHM.
All these numbers have to be considered as expected or-
ders of magnitude, which now need to be compared with
actual experimental data.
Fig. 3 Modeling the evolution of the Q-Switched energy, build-up
time and pulse length versus selected wavelength inside the cavity.
Cavity length = 15 cm, width of the pump area = 1.8 mm, internal
losses = 10% and output mirror reflectivity = 90%
3 Tuning set-up for Q-switching experiments
Our Q-switched cavity uses a thin side-pumped slab [21]
which is pumped with an unique QCW stack of 25 micro-
lens-collimated diode-bars (Fig. 4(a)). The total emitting
area and peak pump power equal 50 × 12 mm2 and up to
2 kW during 1 ms. The diode-stack is focused onto the slab
using three anti-reflection coated cylindrical lenses. This set
of large aperture optics ensures the availability of quite in-
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Fig. 4 Pumping scheme (a), optical set-up for tunable Q-switching (b)
and the experimental implementation (c)
tense pump intensities in the central plane of the slab. The
slab is 2 mm in thickness, 5 mm in width and 10 mm in
length. The X axis of the crystal is parallel to the largest
horizontal plane and normal to the beam path. The doping
concentration is 10 at.%. Changing the position of one or
two of the slow-axis cylindrical lenses, we can adjust the
length of the gain-stripe while keeping a constant gain sec-
tion. Moving the unique fast-axis cylindrical lens, we can
adjust the amplifying section while keeping the length of the
gain-stripe constant. The minimum size of the pump area in
the plane of the slab can be made as small as 2.5 × 1 mm2,
which settles the highest pumping rate within the minimum
volume of material, i.e., V ≈ 5 mm3.
Figure 5 shows the actual gain-stripe and the correspond-
ing fluorescence distribution from the top of the pumped
Fig. 5 Control of the gain geometry: near-field gain cross-section
(left) and pump area from the top of the slab (right)
area, in the example of dimensions ∼1.4 × 2 mm2. The
pump energy density is up to 20–30 J cm−2, under the
strongest focusing conditions. These numbers are consis-
tent with the search of the gain values specified above while
accounting for relevant limitations, due to optical damage
in the coatings which have been deposited on the faces of
the slab. The top face is anti-refection coated and the bot-
tom one is high-reflection coated. The most deleterious op-
tical damage effects, to be prevented, are supposed to initi-
ate from some uncontrolled high intensity spots within the
pump area. Indeed, we do not use of any intermediate ho-
mogenizing optics. This is the reason for which peak pump
fluence of 30 J cm−2 has been considered and that limits
small-signal gain at around 1.3. The photograph in the left
side of the figure evidences some amount of diffusion across
the slab, apart from the pumped area, which materializes the
un-pumped areas of the slab. Because of the rather low at-
tainable values of the small-signal gain in Yb3+:LSO, we
have to minimize the optical losses anywhere, still preserv-
ing full tuning capabilities. To meet this requirement, we
use of a rotating grating as the output coupler. The grat-
ing is operated near the Littrow incidence and that the re-
flection in the order −1R ensures a large amount of inter-
nal feed-back, about 96%. The grating reflectivity does not
vary by more than a fraction of 1% when the grating is ro-
tated by up to about 10 degrees, which is enough to scan
the entire bandwidth of interest. This way, we benefit from a
well-defined, low-loss wavelength-selective output coupler
of which the spectral transmission is determined by the cou-
pling efficiency in the order 0. To get free from any parasitic
spectral limitation, we include the necessary quarter-wave
function inside the Pockels cell itself.
The cell only has to be tilted from its normal position by
the required amount. Then the unique additional component
to Q-switch the cavity is a Glan polarizer with broadband
anti-refection coatings.
Gain versus tuning issues to Q-switch with Yb3+:LSO and amplify broad-bandwidth pulses 91
Fig. 6 Measured data when Q-Switching at 1059 nm with a gain stripe
of which the dimensions are 1.5 × 2.5 mm2, with standard coupler of
which the reflectivity is 98% (a) and variations in the energy-transfer
characteristic versus the pumping geometry (b). The superimposed
dots in (a) show theoretical values from MIRO
Figures 6 and 7 provide a number of experimental results
under different operating conditions. The evolution of the Q-
switched pulse has been plotted. The emitted pulse shapes at
1060 nm for various pump intensities are shown in Fig. 6(a).
For this experiment, the coupler is a standard mirror with
broadband reflectivity and R = 98%. The effective build-up
time has been referred to the time of occurrence of the high-
voltage transient on the left side of the curve. Increasing the
peak pump power from 0.8 up to nearly 2 kW, the build-
up time and the pulse-width FWHM decreases from 1.3 µs
and 500 ns down to about 700 and 130 ns, respectively. Fig-
ure 6(b) presents the variation of the energy-transfer laser
characteristic versus the pumping geometry. Under the con-
dition of minimum optical losses, this first Q-switched con-
figuration has produced the highest pulse energies and build-
up times, before the occurrence of optical damage due to
pumping. Output energies from 2 to 4 mJ can be produced
using a pump intensity of 30 kW cm−2 without any delete-
rious optical damage in the coatings.
Figure 7 shows free-running and Q-switched energies
throughout the complete tuning range, when the above cou-
pler is replaced by the grating. The energy discrepancy be-
tween the free-running and the Q-switched pulses is deter-
Fig. 7 Experienced tuning effects with the grating-based cavity, re-
garding the current threshold and output energy at constant pump
power (a), and the variations in the Q-switched pulses (b)
mined by a factor of about 2.5, which is consistent with the
ratio of the fluorescence decay time to the pump duration.
Accounting for a fluorescence decay-time of about 600 µs,
this ensures effective energy-storage. As expected, the de-
pletion of the gain due to ASE remains negligible inside the
stripe.
The value of λ being scanned across the entire tuning
bandwidth, we make evidence of significant variations in the
corresponding thresholds and in the slope of the laser char-
acteristics. These variations appear to be consistent from
a general viewpoint, any decrease in the attainable output
energy being related to an increased threshold and a re-
duced slope. The rather good agreement with predictions
from Fig. 3 must be pointed out. Starting from the peak
Q-switching efficiency at 1060 nm the laser wavelength is
tuned from 1053 to 1065 nm, which results in variations of
the output energy from about 0.5 to 2.5 mJ. The build-up
time (Fig. 7(b)) then undergoes large variations from about
1 to 3.5 µs.
The shortest build-up time obviously remains related to
λ = 1060 nm, the peak output energy being 2.5 mJ. The dis-
crepancy with the peak former value we measured with the
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former coupler in Fig. 6 comes from the penalty due to the
amount of additional losses using the grating.
4 Discussion
Let now get back to (1)–(4) to relate the measurement data
in Fig. 7 to the theoretical predictions and analyze the tuning
process. Even though they do not provide as precise values
as those shown in Fig. 3, using the numerical model from
MIRO, the analytical forms (1)–(4) may be quite useful in
the description of representative orders of magnitude. They
also help to figure the origin of the wavelength-induced
variations in measurable data, such as the energy-transfer
laser characteristic and the build-up time (Fig. 7(b)), from
the viewpoint of physics. When the pump power is max-
imum below the limit of optical damage for a selected λ,
the measurements of Eout(λ) and the evolution of the re-
lated laser threshold determine the variation in the effective
pumping rate, k(λ). We only have to estimate the value of
the pump transfer efficiency, denoted as ηtransfer, to put rele-
vant numbers on the changes in the energy-transfer charac-
teristic Eout(Ppump) or Eout(k) versus λ. This is done step
by step with the help of separate measurements in the range
of values k ∼ 1.05 to 2. ηtransfer is the product of a number
of terms which include the propagation losses of the pump
beam throughout the three cylindrical lenses, the double-
pass absorption losses inside the slab and the spatial overlap
between the excited area of LSO and the modal volume of
the cavity. Despite a possible second-order error, we assume
the lack of any saturation effect in the absorption process.
This will be the main issue yet to be addressed when fit-
ting the experimental results and the predictions. Equations
(1), (2) and (4) are derived versus λ, within a given spectral
range λ, under the following assumptions:
– The derivation versus λ is implemented over a limited
spectral range on both sides of 1060 nm, within a max-
imum spectral range λ ∼ 20 nm.
– All the wavelength-dependent involved parameters but
σa are accounted for in the corresponding equations of
Eout(λ), Tc(λ),Go(λ), and N2th(λ). For the sake of sim-
plification, we approximate σe(λ) around 1060 nm with
the help of a unique Lorentzian of which the line-width
equals 8 nm.
This will help to examine the deviations in the predic-
tion of the Q-switched performance, as compared with the
modeling results from MIRO and with the experimental
data. Because σa(λ) undergoes negligible variations with re-
spect to σe(λ), the re-absorption is approximated constant
within λ. This also helps in simplification. Our actual λ
of interest in the fits with predictions extends within the
range 1055–1065 nm. Even though the exact value of σa
does not seem quite easy to determine reading Fig. 1, it
can be shown that the plots of parametric calculations us-
ing (1), (2) and (4) only lead to representative results when
σa remains comprised within a certain range of values, σa
= [σa_ min − σa_ max]. Outside of σa , the variations of k do
not match the experimental values to be experienced across
the whole attainable tuning range in the Q-switched mode
of operation. σa = [5 × 10−24 cm2,5 × 10−23 cm2] then
determines the proper conditions. Furthermore, varying σa
across σa and using (1) to estimate Eout(λ) throughout the
whole λ, it can be shown that some misappreciation of the
exact σa does not lead to uncertainties in excess of 20%.
This way we determined the suitable conditions to make the
simple expressions (1)–(4) be consistent with modeling re-
sults from MIRO, from 1052–1055 to 1065–1070 nm, while
preserving less than 10% discrepancy between the possible
two calculating procedures. The former wavelengths match
the effective λ of interest in the fits with our experimental
results.
Let us then illustrate the effectiveness of the analytical
model above to figure the optical performance of the de-
sign in Fig. 4 and the wavelength-dependence of the related
energy-transfer characteristics, as shown in Fig. 6(b). The
laser operation is supposed starting at λ = 1060 nm, in the
middle range of the attainable pump intensities to describe
the energy-transfer characteristic. Provided Ppump = 400 W
at the location of the top plane of the slab, (1)–(4) lead to the
following set of numbers:
– Regarding the pump efficiency for a gain-stripe of which
the top dimensions have been adjusted around ∼1.5 ×
3.5 mm2 under the actual focusing conditions, i.e., a
power pump density of ∼8 kW/cm2, we are able to gen-
erate a mean inversion density ∼0.5 × 1020 cm−3 and
a small-signal gain Go ∼ 1.16 at the triggering time of
the Pockels cell. These values correspond to a doping
level Ntot ∼ 1021 cm−3 in the crystal, together with pump
storage and absorption efficiencies ηstorage ∼ 50% and
ηabsorption = 80%, for Tpump = 1 ms.
– Regarding the Q-switching performance at λ = 1060 nm,
with σe ∼ 8 × 10−21 cm2, the inversion threshold to be
considered is ∼6.5 × 1019 cm−3. We find k ∼ 2.5. This
implies a small-signal gain Go(1060 nm) ∼ 1.3, given a
cavity of which the total optical losses and length are
γtot ∼ 12% and L = 15 cm. We also have to account for
a rather poor internal energy-transfer from the viewpoint
of elevated losses, on the order of 40%, due to the spatial
overlap between the modal volume of the cavity and the
gain volume. Considering the amount of initiating noise
due to the contributing energy-density of ASE, the value
of which is FASE ∼ 3 × 10−10 J cm−2 over the actual
spectral bandwidth, (1)–(4) lead to Eout(1060 nm) ∼ 5 mJ
and Tc(1060 nm) ∼ 400 ns.
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– Regarding the tuning performance within the range λ =
1056–1064 nm, for similar pump conditions, (1), (2)
and (3) lead to a range of effective k = 1.35 to 2.2 depend-
ing on the value of σa . The former values of k, which are
obtained for σa contained within the range σa specified
above, correspond to output energies Eout ranging from 1
to 4.5 mJ and values of Tc ranging from 1.3 to 3.5 µs.
All these numbers provide useful orders of magnitude
in the understanding of the results and of the limitations of
our actual design, in relationship with the spectroscopic data
of LSO. They give the proof that the predictions, either us-
ing (1)–(4) or MIRO, are consistent with the experimental
results. A good agreement is found with the Fig. 6(b), in the
situation of the 1.5 × 2.5 mm2 gain-stripe:
∂E
∂k
≈ +1.1 mJ/unit and ∂Tc
∂FASE
= −3.105 µs cm/J.
On the other hand, they are consistent with the data in Fig. 7,
from which the actual evolution of Tc and Eout can be esti-
mated versus the selected λ, i.e., versus σe(λ). In the ex-
ample of λ = 1055 nm, we get the updated set of theoreti-
cal values Eout(1055 nm) = 3.6 mJ, Tc(1055 nm) = 300 ns and
Go(1055 nm) ≈ 1.2. The maximum tuning range, for a given
set of the absorbed pump power and optical losses, is limited
by the increase of the transparency threshold in the crystal
and by the related decrease in the small-signal gain, accord-
ing to (3). Then (1)–(4) can be considered as an efficient tool
for optimizing the pump design.
5 Conclusions and prospects for broadband
regenerative amplification
The Q-switched mode of operation of a side-pumped slab
of Yb3+:LSO has been shown to enable the generation of
pulse energies up to 4 mJ near the peak emission wavelength
at 1060 nm, or in the range 1–2.5 mJ throughout a spectral
range in excess of 10 nm. Increasing peak pump intensities
(20–30 kW cm−2) and gain-stripe length (2.5 to 3 mm), tak-
ing into account the limitations imposed by optical damage
in standard coatings, wavelength-tuning has been demon-
strated from 1055 to 1065 nm, in combination with actual
values of the small-signal gain large enough to compensate
for ∼10% optical losses. Such a performance must be un-
derlined in relationship with the very low emission cross-
sections of the material. Furthermore, it needs to be related
to fairly consistent modeling predictions, as evidenced by
the good agreement between the theoretical and the experi-
mental results. The consistency of both orders of magnitude
was verified at small-signal gains in the range 1.1 to 1.3, as
well from the viewpoint of the output energy as from the
tuning features.
The numbers above then give the proof of the capabil-
ity of Yb3+:LSO to be used at 1053–1056 nm, the range
of wavelengths of interest for ICF, for broadband regener-
ative amplification by means of CPA. This will enable the
amplification of chirped pulses, within a gain bandwidth in
excess of 10 nm, up to a few millijoule energies, with input–
output net gains on the order of some 104 to 106. However,
the jump from tunable Q-switching to forthcoming broad-
band regenerative amplification involves additional work in
the following directions:
– The selection of a material at 15% doping level, rather
than 10%, to optimize the spatial overlap between the
pumped volume and the mode volume of the cavity.
The thickness of the slab should be reduced down to
1.2 mm, still preserving the same pump coupling effi-
ciency and gain non-uniformity throughout the amplify-
ing cross-section.
– A longer gain-stripe in order to raise the small-signal
gain from Go = 1.2 to 1.4, the peak attainable value in
our actual configuration, by juxtaposing a second stack
along the first one. This will help to increase the value
of k above 3–4 and reduce the build-up times down to
100–200 ns in a standard cavity. The second stack might
be imaged into the slab, using the same set of large-
aperture cylindrical lenses, to increase the amplifying
length from 2.5 mm, the suitable value in the configu-
ration of our paper, up to 5 mm. The implementation of
higher pump powers can be managed easily, preserving
up to 30 kW cm−2 pump intensities without any optical
damage.
– The compensation of gain narrowing effects [22], using
spectral equalizing techniques to help preserve the most
of the spectral bandwidth. As this can be seen in the range
of wavelengths located between 1050 and 1065 nm in
Fig. 1, due to the slowly varying envelope of σe(λ) in
the area, this should be rather easy using volume Bragg
gratings or adjustable Lyot filters.
– The management and the compensation of thermal lens
effects, so that the use of a slab may be efficient in the
presence of a long optical path. This is a critical issue
for regenerative cavities dedicated to the amplification of
nanosecond-FWHM pulses, with a high beam quality.
The experimental demonstration of a complete CPA us-
ing of Yb3+:LSO will require the addition of a second
diode-stack. This will help to benefit from a longer gain-
stripe with a uniform pump density ∼20 J cm−2, and enable
efficient regenerative amplification around 1060 nm despite
the presence of plus or minus large amounts of optical losses
in the cavity. Broadband amplification using direct diode-
pumping by means of Yb3+:LSO then looks an attractive
option in the range of ICF wavelengths, to be compared
with the technologies based on the use of cascades lasers
like OPCPA or titanium–sapphire.
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